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AN OVERVIEW OF THE SOVIET EFFORT
IN UNDERGROUND GASIFICATION OF COAL

Abstract

We review underground coal gasifi-

cation as developed in the USSR since

1928. We present most of the data as

illustrations, ray:Jawing the Soviet

coal gasification power stations, tile

problems encountered Jm specific types

of coal areas, and the methods used

to surmount ~tese problems.

Introduction

This paper contains the figures and

associated comments from a talk on the

Soviet effort in underground coal

gasification presented at the 1975

Gordon Research Conference on Fluids

’[n Permeable Media, August 11-15,

1975. ]. The material covers the loca-

tion of the gasification stations,

the geological nature of the coal,

the underground design of ~*e ~asifi-

cation systems, performance data, and

an attempt to explain why particular

design choices were made.

Upon embarkJ.ng on thJ.s review of

the Soviet work in under,round gas:[-

fieation of coal it very quickly

became clear to us that the amount of

effort expended by the Soviets far

exceeds the summation of efforts by

other nations. The Soviet decision

to pursue underground gasification of

coal was made in 1928, and the first

field experiments were performed in

1933. 2’3 Their work has continued up

to tile ])resent, wJ.th varying levels

of effort that appeared to peak in

the late 1960’s. ~te information in

Ref. 4 indicates that there were as

many as 3000 people working in the

effort in ].963. It appears that the

effort mi~lt have more than doubled

by the late 1960’s, and then fallen

off dramatically by the early 1970’s.

The reduction in effort was prob-

ably due to thclr d%scovery of large

resoarces of natural gas, and the

construction of the necessary pipe-

lines for its dlstributlen. A crude

economic estimate, taking into con-

sideration the n~nerons commercial

plants they constructed and operated

as well as the number of people

involved over ~le past 47 years,

indicates that it might take as much



as i0 billion 1976 dollars to repro-

duce their work.

B~cause only the Soviets have

operated numerous commercial coal

S.as.l.fication power plants over long

periods of time, it is important to

understand net only what their final

process designs looked like, but also

why they settled on such deslgns.

is easy to conceive of numerous

desip, as for the underground gasifica-

tion of coal that address one partlc-

ular problem or another, but in

operation of." a successful commercial

process it is obvious that all the

problems that nature ia golng to

generate have to he des’It with simul-

taneously in n satisfactory and har-

monious manner. Only the Soviets

have demonstrated that they have a

system desizn that can be operated

repeatedly in n predictable manner

and can be ~’ransferred from one area

to another where there are larse di~-

ferences in the geological nature of

the coal seams.

The purpose of underground gasifi-

cation of con|. Is to convert coal.

Into a combustible gas by carrying

out ~’he appropriate chemical process

underground. ’|’11o Soviets saw this as

a possible means of recovering the

heatin~ value of the coal without

havin8 to employ men In the dangerous

and unhealthy Job of underground

miniug. Air, and sometimes oxygen-

enriched air, is used to partially

combust ~’he coal to produce a com-

bustibl.e gas. The ossent’Lal oqua-

#’Ions describ’[.nf~ the preteen are as

follows :

Coal + heat "--char (carbon) + Cll~

+ II 2 + tars + CO2 + CO + etc.

(pyrolysis), (i)

Char -F 02 -- CO + CO2 + energy, (2)

Char + I[20.~-C0 + H2 - energy. (3)

It is Jm*portant to add water to use

the excess energy released via Eq. (2)

to produce a combustible product via

Eq. (3). In practice, the Saviors

found that generaily the amount of

water intruding into ~he gaslflcation

zone naturally was more than suffi-

cient for air gasification| therefore

ue attempt was made to add water to

the injected gas.

].n th:[s paper we discuss tile loca-

tion of the Soviet zasification sta-

tions, the geological conditions at

the sites, the basic process designs

and their operatlng parameters, and

the reasons ~ly certain critical

choices were made. The bulk of the

dlseussion is "I.n the fom, of illustra-

Clans (Figs. 1-42) and their captions

[̄n the section /]0~# ;4~2Z0¢~ O~

Und~.~row,d Coal C~iI~a~:4on. In

the section ~lusio~ts we briefly

discuss the state-o~-the-art in coal

gasification ~m reached in the Soviet

effort.
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Conclusions

The Soviet underground coal gasi-

fication systems for horizontal and

steeply dipping beds, which are

essentially ~te same basic design at

different angles to the surface, arc

deceptively s~Rple. However, :[.t has

been demonstrated r~)eatedly that

they can be made to operate success-

fulJ$ in an extremely complex environ-

meat, a burning coal seam wi~* a

s~)sldlng roof. The basic system

design can also be transferred from

one coal seam to another with reason-

ably predletable results, Jm spite of

the wide variations in the geological

conditions that exist between coal

seams. It is therefore useful to

understand the design in terms of how

it handles a numhcr of easily recog-

nized physical phenomena that must be

dealt with in any design for the

underground gasification of coal.

Gas Leaks8% -- One design require-

mcnt of an underground coal gasifica-

tion process is the ability to mini-

mize the loss of both the injected

blast and the product }~as, which can

leak through cracks to the surface or

other surroundin~ formations. This

can be a strong effect slncc gas

losses increase wlth the square of

the pressure. It is clear that main-

taining a gas-tight zone is a formld-

;Able task since as coal is removed,

the roof must eventually subside,

especially for the case where a high

fraction of the coal is recovered

over a large area. Such subsidence

forms very permeable cracks ~o higher

formations -- sometimes all the way to

the surface, which allows gas to leak

away from the process zone.

Since the extent of these leakage

cracks is unpredictable as the com-

hustlon zone moves across a coal seam,

it is important to design the system

so that it has minimum sonsitlvity to

such leaks. Tbe only way this can be

done is to operate the system at the

lowest possible pressure and make

certain that the permeability in the

coal between the injection and e~aust

holes is always ~m*ch hIMher then the

permeability through subsidence in

the area between the reaction zone

and the surface. The Soviets accom-

pllshed this by establishing highly

permeable paths in the coal (linking)

between the injection and exhaust

holes before gasification ;rod ~en

operating at the lowest pressure con-

sistont with production requirements.

They also helped seal the cracks at

tho surface by hulldozing them full

of mud.

lligh Gas F.Ixn¢ Rate a~" Low Pres-

sure -- A high gas flow rate is neces-

sary ~’o compensate for the water

-3-



|.ntrusion ):ate as well ae to maximize

the channel width m~d thus resource

recovery for a line of drilled he.los.

It is also important to achieving

an economically high production

rat~. This requirement is tightly

coupled Co the gas leakage problem

dlscussed above. (fat=eased flow

races require increased pressure

drops.) The blgh gas flow rates cun

be nmlntain~d with minimum leakage

only if the permeability between ~be

injection mad production holes e~ceeds

s~e minimum value. The Sov~et~

g~nerally used gas flow rates of 3,000

to I0,000 m3/hr w~th driving pressures

that did not exceed approxl~at8ly

2.5 arm.

An advantage ~[ these low operating

pressures was the possibility of us.~n~

high-capacity, relatively inexpensive

bl~ers to supply the air. floweret,

this advantage is not important when

using oxygen/steam ~or the gaslflca-

tlon.

Directional Control of Gas Flow-

Directional control], of gas flow

essentlal for a reproducible system.

it is only by establI.shing flow con-

trol, and the consequent reproducibil-

ity, that we can begin ~o engineer

system which maximizes resource

recovery or optimizes the uconomics

(Thos~ criteria may not lead ~o the

same system.) This ~equires a means

ef establishlng control wblch

-4-

insensitive to verier.ions In geology

or coal ~’ype.

The Soviets achleved directional

control using hlghly permeable linkage

paths (with predcto~incd spacing) 

the bottom of the coal seams. These

paths make Idle process insensitive to

variations in the natural coal perme--

ablllty and thus enable us to design

a predictable syst(m~, alter obtaining

Inltial sealinp, data. The directional

control of the f~as f3ow also insures

that the gas will flow £o thu exhaust

p:ipe Instead of sprending uncontrol-

lably throughout the formation.

_II.12~.I \ Surface Area Reactor with

.~li_)d~! Pcrmuab~_~l i ty -- High permeability

is needed for the reasons stated above.

The high surface area, wh:lch [.nfcrs a

zoue of rubble without bypass channels,

is al~os~ always needed for any e~Fi-

clen~ gas-solid reaction. In such

roac~’[ons, the reaction ra~

by the surface area of the solld, slnce

this is where ~ho initial renctlons

mus~ ~ake place. In the Soviet system

for horizontal coal seams the flame

front undercuts the coal, which then

falls into the void ~o form rubble.

~%c system for steeply dlppin~ beds

forms rubble by caus[.nf& coal to fall

into the void created at the bottom,

where combustion is initiated.

also expected that the reaction rate

is enhanced at the coal surfaces in

the upstream region of the channel,



where the channel width is many times

the ~’hickness of the coal seam, by

thermal spa1.1ing of the coal face.

Liquid Control -- One of the primary

effects tha~" liquids (water and pyrol-

ysis ~’ars) can have on ~’he propagation

of ~’hc flame front in a horizontal

seam is to cause chc flame front to

move preferentially alon}~ the top of

the coal seam. This occurs because

liquids~ being much more dense than

the gases, migrate to tl~e bottom of

the seam. The gas flow~ and thus the

flame front, will then traverse the

top of the seam.

A difficulty thus arlscs. Once

a chancel is formed across the top

of the scant, the coal ash tends

to seal the bottom of the channel

preventing further combustion of coal

and resulting in very poor resource

use. The Soviet process minimizes

this of feet by inltia.1.1.y forming ~’he

channel at the bottom of the seam in

the preparatory linking step. The

channels are kept quite hot all during

the process so that any 1.iquids that

intrude into tile region, as well as

liquids formed by pyrolysis, arc

carried out as vapors. This keeps

the channels clear to gas flow.

Bringing all the llqLLids off as

vupors also allows us to recover ~’he

coal tars, which have economic value

as liquids.

Minlmlzcd Contam’I.nation of Cite

Aqu__.!.fer with Phenols -- Tltn mechanism

for total liquid removal described

ubove also insures the removal of

phenols formed in the pyrolysis o~.

the coal. They are removed effi-

clently as vapors, never being

allowed to condense, with the effi-

ciency of the removal being enhanced

by a "steam flush" created by

intrudin~ water intersectin~ the

hot channel. They are thus not left

bahlnd to contaminate the nndcl:ground

water supply.

-5-

Maximlzcd Survival and _S2_9_c:~~ of

Access Pipes. -- A principal portion of

the cost of carrying out underground

coal gasification is associated with

the access pipes. It :is thus impor-

tant. to maximize the probability of

the survival of the piping and the

re~val for reuse of the caslng during

the process. It is also important Co

~xlmize th~ coal removed per hole,

which dic~ates th~ ~rad~off betwoen

fractional rosonrc~ recovery and hole

spacing.

’~te Soviet d~slgns place the

access holes so that they are

from the subsldlng zon~ until they

are no longer needed. This both

maximizes the probability of

survlwtl and also makes I£ possible

~o pull the casing and reuse

I£ also eliminates £he need to

design heavy access pipes ~hat will



survlvo the earth motion aseociaLod

with subsidence. The Sovlots also

improve tile survival of the casing

In the exhaust holes by coollng the

exhaust gases with a water spray,

taking care not to cool it so low

that liqulds condense. This redness

plpe corrosion and thus extends

plpe life.

It is hard to prove that the pipe

spacing was maximized in remus of any

other possible system. However, there

were certain features incorporated

thet are essential for a large pipe

spacing:

¯ The highly permeable channel

between the inJnct~.on and

exhaust holes Is essential if

one is to |lave a largo pipe

spacing while retaining high

gas flow rates at low pressure

drops.

® The roproducihillty of the

system allows us to optimize

the pipe spacing.

~5_~stm, that is Adaptable to Thick

or Thin Seams -- The Soviets have found

no maximum limit in ~1:|.ckness o~ coal

seams for their processes. They have

operated in seams up to 65 ft thick

with no indication that they aro

approaching a limit. (There are very

few coal seams in thls country over

i00 ft thick.)

However, the Soviets did find that

there was a limit on how thin a seam

could be. If the seam thlcknoss fell

below 3 to 4 ft, the heating value of

the gas became unusably low. As the

coal seam gets very thin, the fraction

of the heating value of the coal that

goes into heating the surrounding rock

increases to a proh:lhl t:[ve 1.evel.

No Mon Under~round -- The Soviet

design requires no men underground,

~*Ich is not ~rne of the British

design or of earlier Soviet designs.

It is an extremely hnportant feature

since once gasification is initiated,

it is almost impossible to guarantee

that the toxic product ~ases would

not leak into nearby mine workings.

A System that ~_a~3~e Applied to

b~itiple___qayored Coal Sea~s -- The

Soviets have been able to sequentially

gasify multiple layers of coal start-

ing with the top seam and working

down.

A Continuous S~stom as well as an

Intermediate Load System -- The Soviet

system sweeps continuously across a

coal sea,, and therefore has a pre-

dictable electricity base load.

There Is also a need for electricity

on an intermittent basis to supply

peak loads. The Sovlet. system has

shown, under some circumstances, tho

capability of be:l.nE turned on and off

in time per|.ods of a few hours, which

might make it useful for supp~.ying

intermittent loads.

-6-



Constant Gas Com2_~sition vs T~Ro --

The design o£ the Sowl.et system makes

it possible to maintain a product gas

composition that is quite constant in

its heating value. ’l~is requires one

additional control: the flow rate is

varied to "floe tune" the heating

value.

Roproduclb i].i~_~V ~ ̄  P r__edlct ability ~

and Control -- The performance of the

process design is raproduclble and

predictable within reasonable limits

from one generator to another, within

the same coal seam as well as when

trans£errod from one coal-bearlng

area to auother. It has been possible

to make it operate in widely varying

coal types: lignite, subbltumlnous,

and bituminous. It has also bsen

demonstrated to have adequate controls

to achieve n constant gas quality and

a high resource recovery| 75% or more

of the coal is consumed with rseovery

of between 50 nnd 70% of the heating

value of the consumed coal.

Minimum Sensitivity ~o Coal

Swellin K -- The large-dlmenslon than-

nols formed in the linking phase are

not likely to be plugged by moderately

swelling coals.

Minimum Sensitivity to Flame Front

Chauncliu K -- The Soviet system makes

no attempt to avoid the natural ten-

dency of flame front channeling; in

fact, it encourages it. However, the

gas quality is insensitive to such

channeling because the chanuels

through the coal seam are made very
5

long.

Si~lhliclty of System Dcsigq and

Operation -- The Sovlct design is

exceptionally slmple (deceptively so),

as is its operation. It involves only

the technology of drilling a simple

pattern of holes (althow~h slant

drilling is not always easy) aud

handling compressed air. The end

result is that it is insensitive to

the many uncontrollable physical

phenomena that operate in the process.

Such simplicity and insensitivity

make the process technically possible.
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Bffuminous and anthracite
Lignite

Probable extent of coal and lignite basins

Fig. Map of USSR show:Ln E uuderf.~round coal gasification sites. This map,
taken from l(ef. 6, shows the Tashkont coa.lfield as bi~’uminous~ it is
our belief, howe~r, ~ha~ ~he AnHrenskaya und~rEround ~as~.flca~ion
station assoc~.ated with the field uses brown coal. 5,7-~ It is our
understandln~ tha~ three gaslflca~ion s~ations, Pod~skovia (at
Lula), Yuzhno-Ab’[nsk, and AnEren, are still operational, but not
necassarily on a continuous basis.
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Donbass (Donets Basln)

Shakhta
L~slchansk
Gorlovka
Kamensl~

(Anthracite 1933)
(Oldest pff 1933)
(Experimental 1~.35)
(Under constructwon 1960)

Lislchansk

Coal characterlsHcs

1. Bffumlnous (6-16% ash~ 25-35%volaHles~ ~15%H20~ 1-5%sulfur)10"

2. Steeply di~ng (20-60°)10.

3. Thin seams (0.4-1.5 m) as deep as 400 
10

4. 4500-5000 kcal/kg (8000-9000 Btu/Ib) coal in the seam

Gas~flcatlon characteristics

I. 800-I 000 kca I/m3 (90-I 12 Btu/scf) 10.

2. 1,5 x 108 m3/yr (I ,5xi09 Btu/day) in 1959I0,

Economics
I. 55 rpls./1000 m3 (I .56 rpl=/1000 scf) in 195910.

Kuzbass (Kuznets Basin)

Lenin plt
Yuzhno-Ablnsk
Stal insk

(1933)
(Podzemgaz staHon 1955)
(Under construction 1960)

Yuzhno-Ablnsk

Coal characterlsHcs

I. Bffumlnous (4-10%ash, 20-30% volatiles~ 5-8%1"12O10.

2. Steeply dipping (55-700)11.

3. 23 seams 2-9 m thlck11 .
10

4. 5000-6000 kcal/kg (9~ 000-10,800 Btu/Ib) coal in the seam

Gasification characteristics

1. 1000 kcal/m3 (I 12 Btu/scf)10.

2. 3.9x 108 m3/yr (4.1 x 109 Btu/day) in 196511.

Economics
I, 29.5 rpls,/1000 m3 (0.8 rpls/1000 scf) ~n first quarter of 195910.

Fig. 2. Data on Lis:l.chansk and Yuzhno-Abinsk, ’l~e imporCant polnCs here are
~’bat both arens have steeply dipping beds and biCum’l.nous
Lis:I.cllansk has muah thinner seams than Yuzhno-Abinsk. ~0



Podmoskovnyl (Moscow Basin)

Krutova mine
Podmoskovla station
Shatskaya

(First primitive trials 1932)
(At Tula, experimental 1940)
(I 960)

Tula

Coal characteristics

1. Lignite (Hard brown coal, 27-60%ash, 17-27%volatile, 20-30%H20)10.

2. Horizontal.
3. Roof is loam-sand-loam (plastic), descends uniformly and compacts bed12.

4. 2-4 m thick, 40-60 m deep12

5. 2000-5000 kcal/kg (3600-9000 Btu/Ib) for dry coal10.

Gasification

I. 700-900 kcal/m3 (79-101 Btu/scf)I0.

2. 4.6 x 108 m3/yr.

Economics
I. 36.3 rpls/1000 m3 (1 rpl/1000 scf) in 195910.

Angren (Near Tashkent,, 1962)

Angren

Coal characteristics

1. Lignite (hard brown coal, 11%ash, 25-30%volatile, 30%H20,
I% suIfur) lO.

2. Horlzontal (5-15° dip)10.

3. Roof is heavy, gos-lmpermeable layer of I<aolln4.

4. 4-24 " 5m thick, 110-250 m deep .

5. 3650 kcal/kg (6600 Btu/Ib)10.

Gasification

1. 800-850 kcal/m3 (90-96 Btu/scf)13.

2. 1.4 x 109 m3/yr (12.6 x 109 Btu/day) in 196513.

Economics
I. 16 rpls./1000 m3 (0.5 rpls/1000 scf) in 196513.

l;’/g, Da~’a on Podmoskovla and Angren, The J.mportmtt poJ.n~s here are tha~"
both ~reas have horizon~’al beds and ll.gnJ.~’e coal (brown coal), but
Podmoskov~.a has much t]lJ.nne~ coal seams ~’han Angren. ~ ~ s ~ 7 ~ I 0 ~ 12 ~ 1 3
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(a)

]?ig. 4. Geological cross sections o~ the coal ?ields at (n) Lisichausk,
(b) Yuzhuo-Ablnsk, aud (c) Podmoskovla. We wcrc unable to locate
such a cross seO’:[on for gngren. Nowever~ tile f:1.gure does i].luatrate
I:he var:l.at:l.on in geo].oglca], eondit~.one addressed by the Soviets, 1o
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LISICHANSI(AYA PODZEMGAZ STATION

PODMOSKOVNAYA PODZEMGAZ S’FATION

Fig. 5, General vio.ws o~ the gas’l.ficatlon s~a1::Lon~ at Lis!chansk and
Podmoskovla. ~o purposo of ~heso photo~raph~ Is to ll].us~ra~e the
size of the sCatJ.ons~ ~,h:[ch ref].ec~s the slz~ of ~he Sov£et o~ort.10
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, . .. r~Gas removal /
t- =nject=on f ~ ~

~:.. .....~ ,~

.~.!~’~.. - ;,...::~ _-"
~ ;~.,,.~- ~..~..~ ’_

~~
~Ash ~nd rubble

Coal seam
~a~if~cation region

].’ig. 6. The Stro.am Method for gasify:l.n~ coal. in steeply dippin?, coal beds.
Th:Ls was ~ho f:l.rst design ~hal: I:hc Sov:l.et.~ felt had promise, t,, They
~rled many schemas in the first few years of the:l.r ~iold effort w:l.th
the ~.ntent o~ trans~orrinf~ sur£ace ~aslflcatlon technoloey undor-
Eround. t z The ~irst attompt8 involved mon underRround~ usln~
exploslve Eractur~n~ (th~ Chamber Me~hod)~ t° and excavatlnE or dr~.ll-

in8 hole8 from one dr~ ~o ~nother (~he ~oreholn-Producor Mothod).
Poor economics m~d unstable opor~t~.on led to the ~bandon~nt of
these methods. The Stream Method was £1rst ~o.ted n~ Lis~.chansk In
1935 a In ~he design shown ham. The ~.t~ec~ion and exhausE holes
wo~:o drilled nlon E ~he coal seam end wore connectod ~t the ~ottom ~y
a re:[ned sha~. ’~1~e £1ume was in:l.~:l.ated in ~he connocEin~ channol
nnd gradually sproad over the entire lenEth. The £1ow h~d ~o be
reversed poriodl.c~lly ~n order ~o ~pprex~.mate n "hor~.~ontal =~ burn
front t:ha~ moved up the seam. The key ~ea~ure o~ thi8 system was
that as the coal was consumod~ more coal would fall into the vo~.d
that ~ns created. Thus the co~l automa~ically ~oca~ rubblo and we8
~ed ~.nte tho com~usl:ion ~one. Th~s sol~-£o~1.n~ rubblo feature we8
retained ~.n ~ll ~urther dee~.~n improvements ~or both steeply dlpplnE
and horizontal coal beds. It might even bo considered as a .~unda-
mental des~.f~n requ:l.remant £ov any underground coal gasif~.catlon
system.

-15-



i
Gas removal

r-InJection

I
II I

Water (a) Water

/-Gas removal

f Injection ~/InjecHon

~ig, 7. Typical scheme of an underground gas y, enorator for steeply dipping
coal beds. (a) Plan view. (b) End view. It is our Interpreter:ion
that there were two major problems with the Stream Method presented
in Fig. 6 whJ.ch were resol.ved in later designs by the t=mdif:[catlons
presented bore. There was a ~ondency for o~,gen (air) to leak
through the coal between the two access holes, above ~he region
where combustion was taking p~ace. This would either consume part
of the product gas, or would introduce into the gas a hazardous level
of o~gen. Also~ there w~s a tendency for the combttst:l.on front to
channel over the top of coal, resulting in reduced resource recovery
and irratlc gas quality. In steeply d’[pp~.ng beds ~he8e problems were
resolved ~y drilling and casing the air inject:Lea holes through the
o~rbnrden. In this manner the /nJoction holes were isolated from
~hc exhaust holes. Also~ Bhe prebabJl~ty of the ~lame front chan-
neling over sections of coal was minimized by ~lxJng the injection
point at the bottom. Yf the coal. seam was thicker than approximately
8 m= it was necessary to drill ~ho inJect:l.on holes at a slant "under"
the seam so that the pipes would not be sheared off by subsidence.
However, when these expensive slant holes wore used, vortical holes
were usually drilled ~o help In cstabllsb~.ng the initial bottom
manifold, by hydraulic fracturing or reverse combustion. The
cal holes weze also used in ~he first stages o£ i~asifica~ion. (All
mining was olimlnatod for humanitarian and economlc reasons, t t’



F:l.g. 8.

5300 m3/hr

3
3000 m;~hr
2500 m /hr

I I I
25 50 75

Direction of motion of the gas phase, .~-m

1 O0

Change :l.n pressure~ P, of the gas phase a.lon~, the channel longth~
o£ gas ~,onerator No. 1 o£" Yuzhno-Ablnskaya sta~’ion. ~o valuoa 2500,
3000~ and 5300 m3/hr are :l.n~ect:ton rat~ o~ th~ 1)].as~, This ~:Lgu1"a

~.].lus~ra~e8 that most o£ the pressur~ drop was o~en observed to
occur in the lowe~ rcg~ons~ near ~hc injection point In ~hc re~ion
of ~hc flame front. There arc a number o~ contribu~:Lng fac~orfl
~hat would cause ~h~.8. ’~o impo~’~ant ones a~e the following.
’.l:hcre is a gas expansion a~ th~ flame £ront due ~o both ~hc ~.ncrcase
In ~empcr,ture and the increase in molar quant~.~y. (2) The subsldin~
1"oof could have a low p~rmcahility and ~hus restrict the gas flow.
.I.~ tho second phenomenon was an ~Rpor~ant contributor. ]~t could not
only cause a pvo]~icm by rcs~Eic~l.n8 flow in a onc-d~.m~nslonal scnsc~
but :[.~ could also cause fl~vcre two-dlmcns~onal ~low d~.stortion
problems. ’~xis ~wo-di~ns.Lonal redirection of flow over a long
distance up the seam would even~ually cause ~ha loss of too much
conErol ovc~ the direction of the [~as f].ow~ rcsult~.ng in poor resource
recovery. For ~hesc rcasous an addlt~.onal modification was ~Ln~roduced~
as shown i.n F~.g. 9 I0
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First-stage injection holes
Second-stage ~njecHon hole

Gas removal holes

LinlCa~e.s effected wlt.h
h~gh pressure a=r

Pig. 9. Preparation of steeply sloping seam at Yushno-Abinek. The Soviets
drilled a number of air injection holes spaced along a ~as production
hole to overcame the high flow resistance and flow distribution
problems associated with roof collapse,s
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Clay blanket bulldozed
into subsldenae area to

lessen gas leakage-

Gas removal
2 air injection

’1’,1o. 1 air injection

Ground
level

Strata cracking
and subsiding

J

Void

Reaction

Strata subsiding /.
into burnt out

2 air injection for second
phase of gaslflcatl.on

¯ (recently brought ,nto
*’~/ use as illustrated)

Original end of
gasification bore

~’,1o. 1 air injection used for
first phase of gasification

.sh and clinker in burnt
out area obstructing
passage of air from No. I
air inlet

Fi~. i0. Use of two air injection holes :Ln a steeply s.l.op:Lng seam. The
Soviets commonly encountered severe gas leakage to the surface
through cracks created by subsidence. Th’J.s fisure shows part of the
solution employed to solve ~’his problem, which was to bulldo~e clays
into the cracks that reached the surface. In add’/.tion, the system
was operated at the lowest possible pressure consistent with required
production flow rates (injection pressure about 3 arm).**
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Gas removal holes
drilled ~n seam.

stage a;r ~n]ectlon holes
drilled ;n footwall
clear of sub~;dence

Vertical flrst-stage
air ~njecHon holes

Fig. 11.

)irected drill holes
to form
linkage path

A.Itcrnat~.%~: layout using directed dr.Ll]holas Per linkage. The
Soviets often formed th~ 5attain manJ.fold between gas injection ~md
production hal.as usinE directlona] dril..1.inE. This scheme for steap.l.y
dipping 5ads was ~.rst devel.oped at Lisichmlsk in 1955. s~ l ! ~ Is
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Blast-lnjectlon Gas removal
holes holes Incl ined-horlzontal

llnklng holes

~£g. 12.

Connecting channel

One ef the schemes of equipping an industrial-type gas generator in
a suite o~ steeply dippln~, coal seams. This figure presents a
pictorial view of a Savior proposal for gasifying several steeply
dipp~.ng coal s~ams simultaneously using a common set af gas InJ~ctlon
plp~s. It is not cl~ar that this was ever implemented. The opera-
ring sequence consists of first igniting at the intersection of the
bottom row of blast Injection e holes and the coal seam farthest from
where the blast pipes emerKo frem the surface. ~lis coal seam is
processed eutil rile flame front reaches the next highest r~ of blast
injection holes, at which point th~ next hiKher row of blast holes
is used to supply blast to the seam. A£ the same ~ime the bottom
blase holes are p].ug~d between this first coal seam and the next
one to be ~as:[fled, which is one step closer to where the blast
inJect:~on holes intersect the surface. These he,tom i~ec~ion holes
are then explosively op~ned to ~he second se~, and 8asifleatlon of
that seam Is Inlt:[ated. This sequence can be continued in an obvious
msnne~ until all the coal seams intersected by the blast injection

holes are Zaslfiod. I~

B1.ast injection :l.s used here as :/.t appears In tha Soviet 1.iterature. It
refers to the process of in, eating oxy~,an-bearlng gas (ususlly air) into the
combustion reglo,~.
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1200

800

400

0o

7-9 m3/hr

m3/hr

3-5 m3/hr

0-1 m3/hr

I ~ I ~ I ~
2 4 6 8 10

Gaslflcatlon rate -- tons of caal/hr

Yi~,. 13. Moisture content of.’ the Eas as a function of the Kaslflcatlon rate

of the coal seam. ~*~ operatin~ data that will be presented in the
followin8 f.lvc fIKures were taken at the Yushno Ablnskaya station.

H~ever, the functional relationships represented In the Eraphs are

typical of both steeply dipp~.n~ and horizontal coal hod Sas:[ficatlon.

Note in this fiMure that as the fias~.ficatien rate Is increased, the
molsturo conten~ in th~ produc~ ~as decreases. This is ~o be

expected since the molsturc :£s prlmar’~ly duc to the underEround water
intrusion rate which is essentially constant at auy particular point.

The balancln~ of th~ gas~.flca~ion rate against the moisture intrusion

rate has a s:[sniflcan~ effect on the heatlnE value of the product
gas, as w~ll be seen in the followln E figures. ,7
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1400

1000

6OO

200-

Fig. 14.

0-1 m3/hr

1-3 m3/hr

:3-5 m3/hr

r m3/hr

7-9m3/hr

(Water inflow)

I ~ I ~ I
4 ’6. 8 10

Gasification intensity m tons of coal/hr

Effect of gasification intensity on the calorific value of the gas
at various water infl.ow rates into the gasif:Lcatiou zones.
figurn illustrates the effect of gasif:Lcatlon intensity on the
heating value of the produat gas for various water inflow rates.
The da~a show £ha£ the hea£1ng value always ~nereased with inereasod
gasifleatlon intensity and reduced water infl~ rate. In theory
~here is actually an optimum water intrusion rate for any given
5188t injection rate. In practlce~ this was generally unimportant
£o the Soviets since they usually had higher water ~mtrusion rates
than doslrable, forclns them to operate on the wate~rlch side of
the optimum. 10,17
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120C

800

400

l~.Lg, 15.

¯ ~ 1 m3 of water/ton

/~~/-’~---

of coal gasified

-- u2

!,!

I I I I I I 1 I I
3.0 6.0 9.0 12 15

Seam thickness -- m

Effect of seam thickness and the specific water inflow into gas:Lfl-
cation zones en the calorlfle value of F.,as e.btained by underground
gas’~fication. Both water intrusion rate. aud coal. seam thie.kness can
have a strong effect en the hea~’ing value of the product gas, The.
effoe.t of the water intrusion rate was discussed earlier, 5ut this
figure also illustrates the effee.t of se.em thickness. [[.t can be
saen that the heatin~ value of the product zas falls off dramatically
as the. coa.1, seam ~,ete thinner than 1 to 2 m. This is clue to thinner
seams losing n ].arMe.r ~rae.tlon of heat to the surrounding fo~natlon.
’1%o. h~.~her heat losses result in lowwr f].ame, frout temperatures,
which in ~’urn shifts ~’he CO/CO2 equilibrium l:owards tile production
ef more CO2. The i- to 2-m limita~’ion "In coal. seam thickness has
very ~.mportnnt implications. Most of the coal I.n the eastern part
of the U.S. lles in seams less than 2 m thick, whil.e most of tile coal
in the. western U.S. is in ~’h:|cker seams.
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1200

8OO

400

16.

o oo

o

~ o~Oo~ o

o
oo
o

I I I I I
I 2 3 4 5 6

SpeciFic wafer ~nflow ~ m3/ton, of coal gasified

Calorific value of the gas as a function of its moisture content.
This figure shows tile heating value of the product gas vs spaclfic
water inflow. ! ? Th:[.:~ flgurc and tile folluwing one should ]lave an
optimum a~ approx:i.mately 0.5 m3/~on o~ coal Easlfled. ~8 (In practice,

this n~ber varies cons~.derably between coal scnms and varies
accordln~ £a whether the water intrusion Is ups~rea~ or downstream
from the fire front.) The optimum does net appear In these data
b~cause th~ Sov:t~ts usually operated J.n a reKion where there was more
water inflow than desirehle. ’1%~ r~ason ~or th~ optimum Is as fol-.
lows. With no water intrusion, a ~reat d~al of the combustion energy
goes into heatlnE the nitroson In the air blast. %~ion a little water
is added, i£ incre~tses the hea£in8 value of the product Eas by con-
ver£in8 some of the enerEy in the hot ni£roEen into a combustible
product by the ondothermlc reaction: ~120 + C = CO - H2. ~[owever,
as more water is added, the coolin}~ effect of the water will eventu--
ally reduce the ~lame temperature, which In turn will shift the
CO2/CO distribution towards ~he production of more CO2, ~is will
clearly reduc~ ~he heatinK value of the prod~c~ ~as.
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Fig. 17.

2-m seam thickness

.------- C 02 _

CO

CH4I I I I I I I I

8.5-m seam thickness

H2 _

CO -

CH4 -

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Specific water inflow -- m3/ton of coal gasified

Effect of the specific inflow rate of water into the gasification
zones on the chemical composition of gas obtained by underground
coal gasification. It can be seen that the CO2 fraction increases
both with water inflow rate as well as with decreasing seam thickness.
Both are consistent with a cooler flame front shiftin$ the C02/CO
equilibrium towards an increase in the CO2 fraction,l"
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Month- year

Hourly Heat content
mean air of gas

flow Im3/h) lkcal/m31

Nov. -- 1962 3460 1280

Dec. -- 1962 7000 1304

dan. -- 1963 8030 1291

Feb. -- 1963 8760 1260

Mar. -- 1963 8400 1264

Apr. -- 1963 9850 1238

Average 7600 1260

Fig. 18. Mean air flow and heat content by months for gas generator No. 5a-b.
This table shows the stability of product gas heating value that was
achieved over a 6-mo period. The blast flow rate was used as a means
of controlling the heating value at Yuzhno-Abinsk, 2°
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Calor~flc value oF the gas Q = 1300, to 1196 kcal/m3.

Gas leakage = 10%.

Gas water content = 290 g/m3.

Relative blast intensity = 17 m3/hr - m"2

I. Heat of combustion of the dry gas = 69.9%,

2. Heat of combustion of leakage gas = 7.8%,

3. Heat content of the gas = 4.2%,

4. Heat content of leakage gas = 0.5%,

5. Heat content of water in the gas = 9.2%,

6. Heat content of’ the humidity in gas leakage = 1%,

7. Heat content of the ash residue = 0.1°,/o,

8. Losses to the surrounding medlum = 7.3,=’0,

9. Heat content of the dry coal

10. Heat content of water in the coal ~,

11. Heat content of dry alr blast

12. Heat content of water introduced = 0.5%.

19. Thermal. balance af tha f~asl.ficat~on process In generator No. 5a-b In
seam IV interior (9 m thick) at Yuzhno-Abinsk~ January 12-31, ~.961.
This ~i~ure Elves a breakdown o~ whore the enarEy in the coal want
for ~Ine particular ~enerator. It can be saen that 70~ of the heat InM
val.ue of the coal was recovared as heatln~ value in the Mas.2~
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CH4
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02 confent of’ blas~" ~ %

20.
blast, on the basis of operate.on of underground gas generator No.
of Gorlovskaya Podzomgaz station. The Soviets axperlment~d
slvely with enriching d~e air blast with oxygen; some results from
Podmoekovla are presented hera. Similar experiments a~ Lis~.chan8k
showed s±gnlfleant1~ different produc~ gas concentrations, because
"cnndJ.t~ons of opara£~on of the gas.l.flcst:Lon channel.s ~ were differ-
eat. I~ One J.nteresting point ~.s that the C02/C0 ratio did not change
s~gnifieantly with ~nercasing oxygen eoncent~a£1on in the blas~.

SJ.nee the combustion zone would be hotter with increased 02 eoneen-
Lratlon ~n the b%as£, ~he insensitivity of the CO~/CO ratio would
have to be explained by reactions taking place in the cooler zones
further downstream, ~e product gas eomposltlon is probably domi-
nated by the shift reaction, CO + 1120 = CO2 + 112, ~is is consistent

with the increasing 112 concentration.
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225’ ~.j
Product gaSmanifold I ~’- 75’-~ 75’~, 75’

I75I

Row 2 I

Manifold

Row 3

Row 4

I Producing gas

m.C

Row 5

Boreholes

Linking

Dr|lllng

--’0- and

I preparing

Fig. 21. Plan of a shaftloss generator for a plant in the Moscow region. The
following nine figures will deal with the Soviet experience in
processing horizontal coal seams. This figure shows a typical plan
view of the Soviet process. The dotted lines are meant to show tile
].ocation of the underground linkage channels formed in the coal by a
countereurrcnt combustion step in proparatlon for gasification, The
production phase of gasification is carrlod out by cocurrent com-
bustion in the channels. Cocurrent and countercurrant refer to tho
[lamo front propagating in the same or opposite direction as the gas
flow, respect.[rely,s’R~
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Fig. 22.

U

’ hole sunk from foot of
casing to wffh~n a few ~nches
of the base of the seam

ArranEement at foot of borohol~s for air linkago in brown coal. For
horizontal coal beds it was important to complote and cement the
nccoss pipes two-thirds of the way throu~ the seam. ~*is was done
to insure that the initial linkage channol, formed by countercnrrent
combustion, was confined to the bottom of tho seam. This was very
important, because tho Sovlots fotmd that only the coal above the
linkage d~annel was consumed during the process,s



Stage !
Drill holes 3,4 & 5 ~n ~A~ llne.
Apply H.P, a~r toA.4. Establish
llnk to (say) A.3.

Stage !!
Ignite A.3 as induce fire zone
in line A.3 -A.4. Apply H.P. air
teA.5 to link teA.4.

Future B Ih~e

- . e to be at 25 rn CRS each.way
’

H.P. a~r .

’ F Fire zone

’-Air H.P. air

Sta.qe ! ! ! , ,
LInk and induce fire zones "1--- -T---~- . !---- i - - --I- --IA.2-A.3, A.6-A.5~ A,1-A.2~efc. I , ~ F~rezones-~. , ,,

1 2 3 4 5 6 7 -8

Stage IV
Start drilling and linking line
BI, B.2, etc., to llne ’A’ holes.

H,P. air

,/~,, ~-- ~I~’" -I~ -’--"T"- - ’ ~ - - ¯,,, ,, --I- I
I~ |l I ’ ~ ’ ’

I\2~3\4 5 6 7 8
Fire zones established

Fig. 23. Inltial stares of linkage and gasiflcatlon in brown coal. ’J.’l~l.s
figure pre~euts the first sequence of ~teps ue’l.nl,, reverse coml)ust’l~n
for preparing a coal bed for F, as~.flcatl.on, s
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Stage V
Start gasification L.P. air
toA.1,A.2,etc., gas from
B.1,B.2, etc.

Gos

React;on zone

L.P. air

Stage V!
Drill hole in line ’C’, link
to line ’B’ progressively
as gasification proceeds.

(.ater
Supply air to ’,~,~ llne.
Take gas from Jlne.
(All ’A’ holes capped.)

H.P. alr

’, :11 :
as!l’ !!~ I

Reaction zone

L.P. air

Fi~. 24. Concluding stages of linkage and gasification in brown coal. This

figure presents the simplest method of completing the preparation
and carryJ.ng ou~ the followln~ cocurrent combas~ion gaslflcation.5
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Stage V
After linking ’B~ holes to ’A’ proceed
to llnk ~C’ holes to ’B’ before starting
gas~flcaHon.

Stage V!
Start gasification with L.P. air to ’A’
holes taking gas from ’C’ holes, ’B~
holes being capped.

Stage V! l’
During stage Vl’ llnk holes D1-D8 to
llne ’C~. When gas from ~C~
deteriorates move air supply to ~B~
holes and draw gas from ’D’ and
holes.

ia ter
When gas from ’A’ holes becomes
unusable, cap ’A’ holes. Draw gas
from ~D~ and prepare I|ne ’E~ et,’.

l~’Lg. 25.

I-’~ --. 175 m

/ I

i ~I I I i, , ,~ ,I i I I if tl i1~

Fire zones established
Gas

~.~ ..All ’B’ holes capped ;~ ,
~ ,--" I I "~ I I I III

- ~-~ ~t - ~- .--~

L.P. airGgod~.al ~_~y" gas

Low quality gas

Modif%ed concluding stages for ~,I)roved gasification in brown coal.
This figure presents an alternate, more coml)lex, mode of carrying
out the cocurrcnt combustion gasification as well as further counter-
current combustion ].inking. In th~s case two qualities of product
gas are produced, with the two being co~)Ined to give an acceptable
quality gas.s
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Linkage f’ro~i~_’~
formed by
hlgh-pressure air

Second line of directed
holes to the seam --~

First llne of directed
seam--

,~ ~ . .....
,,,/,, , . ,holes ,o the

..~.:~...: .~L~’..;~ . .

l~l~, - ~, ~//i-/,~"l _7] I ~

~~ ~p~,~?~ ~Vertical bore holes at
"~i~r 7"#/ about 50-m cenl These

are [epeated on each llne
of d~rected holes but have
been omitted ~or clarityFirst row of vertical bore

holes at 50-m cent wlth
intermediate holes as
required for linkage purposes

Fig. 26. Proposed method o£ development Cn the ncar-lcv~l seams at ~iolmogorek.
~he Soviets used directional drilling as well as o£ countercurren~
combustion to establish a linkage path at the bottom of the coal

seam. This figure illustrates one such proposed system. However,
even though the Soviets did use d:[rectional drilling for ~hie
purpose, it is not clear that they wnre evor able to achleve the
very long extensions of the helen along the bottom of the coal seam
that are shown in this ~igure.s
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Gas control valves and
expansion loops-

Air inj,
of air ;njectlon bore holes second phase

)s of air injection bore holes third phase

control valves
and expansion loops

/ 30m

tea I

,_u.¢ Ash and debris in

.~c~ burnod
~sificotlon zone

The p~eces blanked
off ready for second-
phase gas connections

Gas removal bore holes

Bore holos for both gas and
air are drilled on the slope
beyond the natural lino of

-’4- ~:.".-. draw of the overlying strata

Fig. 27. Projected layout of boreholes at An~ren to suit thJ.ck brown coal and
heavy subsidence. Tb~.s figure shows how the drilling pattern and
operational method were modified to accomaodate thick coal seams.
The primary problem to be solved was that with thick seams, the
ground subsidence had a tendency to shear off the access pipes
maturely. To resolve this, two modifY.cations were made. (i) 
].atcral withdrawal/Injection technique was devoloped.~ In this
method, one of the two functions (gas withdrawal or ir~ec~ion)
per£ormed by a row of pipes along the s%de of the zone being gasi-
fied. The remaining function was nccompllshad with a rectangular
pattern of pipes entarlng t:ha seam directly over the coal to be
gasified. (2) Within ~*e framework of this general pattern, all
pipes were drilled on a slant to keep them out of the sabsldence
region durlnE their functioning lifetime, When gasification is
tattled out in this manner it can be scan that the row of pipes
along the side of the zone being gasified is never affected by sub-
sidence~ and the pipes in the pattern dlrocCly over the coal being
gaslflod are not affected until after they are no longer needed.
Therefore, with this deslgn one is never attempting to operate w4.th
a plp~ that has boon exposed to any ground movement due to subsld-
once. This design also has the addJ.tLonal advantage of addtn~
a cross-flow componant to the gas flow which w.Lll hc]p to recover
mounds of coa~. that might othcrwlse he left between

Lateral wlthdrawal/inJocCion is eo~)lex, and no attempt to describe this
process will be ~tde here.
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Change in the moisture content, w; heat.~.ng value, q; and 1.osses of
the gas, A as a function of the pressure, ]’, .~.n the gas phase of the
gasification channel, on the baa:Ls of operation of underground gas
generators at Podmo~ko~aya station. Gas loss data for
Podmoskovnaya station a~a presented in this £1gure. I0 At the usual

oparatin~ pressure (3 agm or leas) the gas loss at Yughno-Abinak was
about one-half and ~he loss at Angren 7 aboug ona-thlrd that
]*odmoskovnaya. Since the los8 increases aa the square o£
sura~ n system should a].way~ be operated at the low~st possible
pressure cons:L~gen~ with throughput. ~i~ was one o~ the more
important requirements that necess:Lta~ad tba construction o~ the

highly permeable l~.nkaga channels in praparatlon ~or Easlflcntlon.
~[ the channels did not have a au~.clently high pe~aabillty~
praaaure requlrad to ach~.eve the necessary h~.gh ~aa flow rates would
rlae~ and the resulting ~as losses would increase. Operation at low
pressuro has the additional advantage af heing able to ~se relatively
inoxpenalve blowers to supply the air. ~io ~iguro nlso shows a
modarato improvement o~ the heating value of the gas with pressure.
This i8 easily understood in gegms of the gas pressure reducing the

~atar Lnflow rata~ which is ~iso shown.
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Fig. 29. Change in gas eo~N>osition along the length of tile gasl£ieation chan-
nel. The gas composition can change continuously as it progresses
alon E a chnnnel. This fis, ure shows composition changes that were
frequently observod at Podnoskovia. 10 It can be seen that CO2 Is
l[ormed early, CO is then fo~ed by the reduction of CO2 as well as
direc£1y, and Finally the CO concen£ratlon falls off while the }[2
and CO2 concentrations build up. I£ is believed that this last s~a~e
is due primarily to th~ "shift" reaction, CO + II20 .~ CO2 + 112.
is not generally desirable to all~ th~s reaction to take place since
it rodncos the hea~.ng value of the product gas. The Sovlets thought
that this r~action was catalyzed by materials in tho ash and rock.
They also bolieved It £o be dependent on the coal ~ype. 7
Reactions apparently continue to take place all along tile chann~l
longth. At Angren the heating value increased with channel longth
up te 250 ms ~he maximum used. This could only happen if the channel
remains relatlv~ly hot along its entire length. This ho~ channel
a necessary, critical feature of the Soviet design in terms of cen-
~rolllng th~ effncts of liquids. Largo amounts of liquids are
generated both from water Intruslon from the surrounding formation
as well as from the pyrolysis of the coal. If the liquids are
allowed to condense in the ~asification channel, there would be more
than enough liquids to severely plu~ the channel to ~as flow.22

Is therefore essential te keep the l~,est temperatur~ in both the
channel and the exhaust pipe above the condensation temperature of
both the water and pyrolysis tars in the product Eas. Some work
the Soviets Indicates that this lowest permissible te~)erat~,re is
approxi~tely 150°C. ~ I
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Coal

A Char or ash

30. Channel formation for cocurrent vs countercurrent burns. Some
features of the linkin~ procedures will be discussed in the following
nine figures. This figure is useful ~or explaining some of the
observed differences between cocurrent and countercurrent burns.
Consider the idealized case presented ~ ~c fi~L1re where there is a
nnrrow, hlgh]~ permeabls channel of char or ash extnndlng into a coal
seam with much lower permeab~.lity. If we ware to draw flow lines

~or such a media, where flow is oi~er from A ~o C or C to A, it is
easy to’see that they would converge at the tip of the channel such
that ~.n the region from A to B, ~e majority of the gas flow would
be carried by the ~annel, aud from B to C, the gas flow would
distribute more uniformly across the bed, independent of flow direc-
tion. If ~a coal is ignited in the channel in the region of R, sad
if the flow direction is C ~o A (countsrcurrcnt combustion), it can
be ssen that the ~Inmn front at the tip of the channel, n~ B, will
see a much largsr supply of oxygen ~huu the walls of the ehaunel
further towards A. Therefore, as the flame front at the t~.p pro-
gresses towards C, the oxygen-starved channel walls will not move
out signiflcantly. The result is that this form of countercurrent
combustion creates a channel w~.th a relatively small and constant
diameter. In contrast, if the flow direction is from A to C (cocur-
rent combust~.on), the channel walls will be c~posed to a large flow
of oxygen, which will support combustion on the walls and thus
promote a widening of the channel. This Is a slmplifiad explanation
of ~y conntercurrent burns form’small diameter ~annels, wh:Lle the
following cocurren~ burns are observed to progress with a relatively
bro~d front, lu addition, a countcrcurrent burn ~.s not subject to

plugging dne to coal swelling or the presence of a condensin~ liquid
front downstream from the flame fron~:, whereas n cncurrent burn is
very vulnurable to such plugging. ]~or these reasons, a countsrcur- .
rent burn is ideally suited for forming highly l~arme~le channels In
e coal seam as a preparatory step, but it can not be used for ~asl-
fieation in ~hs l~rocsss ~asn, since it results in very poor resource
ut~.lIzation. In contrast, a cocurrent hum can not be used to form
initial gasification channels due to plugging, but it can be used in
the process phase because of its high resource use. Therefore, in e
gasification process both coL1ntercurrnnt and cocurrent burn8 are used

with the countarcurront burn used to prepare the bed, and the cocur-
reu~ burn to carry out the gasification.
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Fig, 31., Dependence of the reverse velocity of the combustion focus on the

blast ve].ocJ.ty for hard coal. Typical behavior of the voloclty of a
countercurrent combustion vs blast velocity is shown in ~’hJ.s figure.

It can be seen that there is an optlmum blasl" velocity whlch maxl-

m.Lzes the flmne ~ront velcclty. The reason for such a maximum is as

follows: the flame front propazates as, ainst the ~,as flow because

coal ups~’ream is heated to a flash point; it ignites and consumes

all the oxygen. It ~’hus can leav~ hot, unconsm,ed coal behind down-

stream by del~rivin~ it of oxyEen. The heat conduce’ion upstream is

due to thermal conductivity in the coal, as wet.1 as radiation. ~tis

heat conduction mechanism is competin 8 with the convective heat

transfer due to the flowing 8as which moves heat do~v~stream. This

directional competition of ]teat transfer, with one beln~ coupled to
the blast velocity, results in an opt.Imam blast velocity that gives

a maximum countercurrent flame front velocity. ~ 0
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Fig. 32. Change in the velocity of the combustion focus in the reverse direc-
tion, for an a~.r blast and a 98~ 02 blast. The gasification channel
is in the form of a borehole in a block of Moscow coal. This figure
illustrates the dif£orence between air and oxygen for carryin8 out a
counl:ercurrent combustJ.on .10 11: is clearly seen that the flame front
velocity -Ls considerab]$ hi~*er if oxygen is used. This can be
understood in terms of the oxygen generating a hotter flame front
thm% air at the same flow rate, as well as the coal having a lower
ignition temperature ~n oxygen. However, the Soviets also found that
if oxygen is used for ].inking, the resultln~ channel had a ~uch lower
overall conductivity to gas f].ow. ~s In fact, the channel conductiv-
ity WaS so snmll that it was not directly useable for the process.
Sometimes a chmmel burned countercurrent].y several times with oxygen

cou].d be used, but it is not clear that this was an economical
app~o;tch. They found that air had approx:i~etoly the optimum oxygen
concentration for makiug~ w£th a siu|(le burn, a channel with suEf:Lcient

permeabil:[.ty and nu acceptable flame front velocity.
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Fig. 33. Rate of linking as a function of the blast-injection rate for various
coals. (i) From seam i3, Kamenskaya Podzemgaz station. (2) 
seam V Vnutrennyi~ ]~mlguro-Listvensk±i area, Kuzbass. (3) From seam
Z Vnutrenayi~ Bunguro-Listvenskli area. (4) From seam ZI Vnutrennyi~
Bunguro-Listvenckii. (5) From seam ~6~ Lislchanskaya station. This
figure illustrates ~he d%fferences in countercurrent combustion
velocities for a variety of Soviet coals with air for blast.I°
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]~’ig. 34. Change in the velocity of inverse linking and blast consumption per
running meter of channel produced, as dependent on ~te linking
distance. This ~igurc is interesting in that J.t shows that the
].inking rate and blast consumption per meter of linking are almost
independent of the distance between ~he pipes. This would in£ar a
confined gas-tlght zone during linking. This could have been due to

the surrounding coal being sealed by being saturated wilt waters and

the formations bounding ~he coal being very impermeable. Zt also
Indicates that subsidence crncks were not contributing to gas lenk-

ase~ ~tich might bo expected since linking takes place in a zone o~

coal where subsidence has not yet occurred.I0
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Fi~. 35. Change in the characteristic parameters of chmlnaling by burn-through
with the use of the permeabillty of the coal seam, Podmoskovnaya
station. The most important feature of this figure is that the
Soviets improved their linking technlquc ever these years. Th:[s was
accomplished by using the directional permeability of the eoal~ hy
using a constant blast input rate, instead of a constant blast input
pressure~ by better shaping of the 1"[nk:[ng faces of the boreholes~
by linklng in the direction of the injection holes, instead of in
the direction of the gas removal holes| and by l:Inklng many parallel
hole pairs simultaneously.10
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handled from
bed to shde
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closed position as for drilling "

Dri!l.gate in ope.n.
Plan pos~hon for handhng

steels on to slide

Fig. 36. Sketch o~ drill rig for inc~.ined, directed boreholcs. In addition
to countercurrant combustJ.on, the Soviets tested dJ.rectlona], drill-
ing~ihydrafrack~g and alactrol±nking as me,hods to cstab].~sh the
linking channels. ~hey had favorable reeu].~s under d~fferant con-
di~ions with cach of these techniques, llawever, only dlractlona3.
dr~.lling will he covered briefly here. This f~.gura illustrates one
of their dlractional drilling r:I.~s developed for this purpose,s
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I. The earliest work involved watching drill chips, calculating, and cementing.

2. Later work used a magnffometer and down-hole motor for continuous operation.

3. The best system used shielded Gelger counters to observe gama activity.
(Rocks were more gama active than coal.)

4. The Polish invented an 02 lance wh|ch automatically stayed in coal seam.
A. It used air at 1.2 to 2.5 arm.

B. It drilled a hole 22 cm in diameter and progressed II m/day.

5. The British used Hg manometers.

Fig, 37. Outline o£ Soviet dlrectlonal drill±n~. This figure prosents ~m
outl.Ene of some of the Soviet techniques usod to sense the location
o£ a d~ill bit in coal. This is cr:Ltlcal ~o carrying out directional
drillln E in a coal seam.5~I 0~2~I-2 7
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Fig. 38. Scheme for lowerin$~, the level of." underground water. ~e Soviets
frequentl.y attempted to dewater the coal be£or~ or during gasifica-
tlon. ~@~en they did so= they attempted to draw the 1.ocal wator
table down approximately I m below the bottom of tho coal seam.
This wns done primarily to reduce the water intrusion rate into the
Masiflcntlon zone and thus improvo the hea~in~ val~ of the product
gas. floweret, this might also bo done to help keep a li~kin~ chan-
nel., crea~od by coun~ercurront combustion, close to the bottom of
th~ coal seam. Water intrusion during llnkln~ would t~nd to cause
such channels to bow up and override some coal between the
access p:[pes. I ~
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Fig. 39.

Reducing zone

Drying and pyrolysis zone

Oxldatlon zone

Conceptual view of a channel during gasification. This figure
illustrates how we env.Lsion the tip of one of the channels during,

~,aslficatlon in a thick coal seam. An essential ~.eature is ~’hat as
coal is consumed (initially at the bottom of the seam because of the
placement of the linking chann~l) more coal ~alls into the void
created. ~*is creates a high-surface-area packed b~d at th~ tip of
each channel, the reduction zone, Such a zone is highly reective
and is responsible for the uniform quality of product gas. These
zones are much longer than ~hose In surface reacters due £o ~he
nonun:~form natur~ of the packed bed. Further upstream, the channel
may widen to many times the coal seam thickness~ and this mechanism
of coal falllng into the reid will uo long~r be as important. Also,
a sampling of gas upstream, in the oxidation zone, would show low
heatin E values. 1~owevor, as long as the tip of each channel is
comprised oE a hot, highly reactive :~onn of coal rubble thresh
which all th~ hot Masses must flow, this zone will insure that the
produc~ sas will ha~ a high heating valu~ tha~ is unifo~ with time.
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Station

Seam width, h
(m)

Luka
Lislchansk

Yazhno-Ablnsk

British

experiment

(Neuman Splnney)

9 2-4

9 (alr blast) 1-3

19 (oxygen-enrlched 1-3
blast)

7 2

4 8

24 0.6-0, 8

l~:Lg, 40. The critical channel width. .T.g we imagine a channel that is extended
indeflnitely with sequentially dri1.1ed holes and operated for a long
period of time, it is important to know how wide the channel will
grow. This will detcrmlne the maximum initial hole spacing allowable
for 100% resource recovery. With a ].i~tlc thought, wc can conclude
that the channel will reach a stable width m~d gr~ no further. Th:l.s
is because of the fact that as the channel grows in width, the ~rans-

fer rate of o~Een to the comhustlnK coal ~ac~s diminishes while
conductive and radiative heat losses from the faces remain constant or
increase. At a particular width (the critical channel width) it is 
louMer possible £o sustain combust:~.on on the faces~ and the channel
ceases ~o wlde~. Tho value of the critical width wJ.] 1 clearly be

affected hy the permoebillty dlstrihutlon in th~ chann~l after root
subsidence. This fi~ur~ presents the critical channel widths for the
Sovla£ gasification stations as well as ~or the British experiment at
Neuman Splnn~. (Note ~ha~ ~he critical channel width, War, can be
expressed as a constant, @, times the seem width~ h. W~r = ~h.)

can be eeen that with air as a blast, the critical channel width is
us~lly 5 £o i0 ~imes ~ho s~am thlckness~ and this can be increased
by en~Ichin~ the blast with o~Zou. The ]~rltish went ~o 25 times

the se~ thickness with some success, but did leave a considerable
amount of coal between the channels, s ~ 7 ~ 28
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Fig, 41. Change of the amount of. gas during operation with and without blast,
gas generator No. 1, @orlovskaya station. The primary point o£ this
f.igure is to show that in soma oases an "[.n ~ coal gasification
station can be turned on and o£~ over a period of a £ew hours. This
might make it useful £or an inte~edi.ate load electrical generation
system. The figure also shows tha~ during gaslfica~lon with air,
clte product gas is ~he typical low Btu gas obtained with an air
blas~, floweret, if ~ho air Is turned off, we obtain, for a whilo,
pyrolysis gas (methane, hydrogen, etc, and no nitrogen), a gas
composition that has a ~ch higher hoating value.I°
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a

1 2 3 4

Annual output of Podzemgaz

station -- 106 tons of coal

1 -- Cost of coal mined by the pit method in 1956

2 -- Cost according to new mine plans

3 -- Cost for openoast-m~ned coal in 1956

4 ~ Cost for planned new sections;

P -- Station power ensur!ng cost of he.a.t at the level
of heat From coal m~ned by the p~t method

C ~ Station power ensuring cost of heat in the gas
equal to the cost of heat in opencast-mlned
coal

1 Meal = 106 kcal
106 tons of coal gaslf~ed = 4 x 103 m3 of gas7

Fig. 42. Calculated change in the cost oE 1 Meal in the gas a~: place o£ pro-
duction for Kuzbass eonditioue as a fuuc~’ion of tha power oE the

Podze~m~a~ station. This figure preeeuts ty.picnl economic calcula-
tion8 I0 made: ou underground coal gaslflca~’a.on in the USSR. All such
published cal.culatlons we found showed that underground gaslf.’icatlon
above a certain production rate was more than competitive with other
means of exCraetJ.ng coal. l[owaver~ all such eal.culations I! ~29-ss
are suspect in terms of being ~thle to transfer them into our economic
eystem~ eepeclally taking into account improved technology in all
fle].ds of coal extraction.
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